Arp2/3 complex nucleates branched actin filaments important for cellular motility and endocytosis. WASP family proteins are Arp2/ 3 complex activators that play multiple roles in branching nucleation, but little is known about the structural bases of these WASP functions, owing to an incomplete understanding of how WASP binds Arp2/3 complex. Recent data show WASP binds two sites, and biochemical and structural studies led to models in which the WASP C segment engages the barbed ends of the Arp3 and Arp2 subunits while the WASP A segment binds the back side of the complex on Arp3. However, electron microscopy reconstructions showed density for WASP inconsistent with these models on the opposite (front) side of Arp2/3 complex. Here we use chemical cross-linking and mass spectrometry (XL-MS) along with computational docking and structure-based mutational analysis to map the two WASP binding sites on the complex. Our data corroborate the barbed end and back side binding models and show one WASP binding site on Arp3, on the back side of the complex, and a second site on the bottom of the complex, spanning Arp2 and ARPC1. The XL-MSidentified cross-links rule out the front side binding model and show that the A segment of WASP binds along the bottom side of the ARPC1 subunit, instead of at the Arp2/ARPC1 interface, as suggested by FRET experiments. The identified binding sites support the Arp3 tail release model to explain WASP-mediated activating conformational changes in Arp2/3 complex and provide insight into the roles of WASP in branching nucleation.
Arp2/3 complex nucleates branched actin filaments important for cellular motility and endocytosis. WASP family proteins are Arp2/ 3 complex activators that play multiple roles in branching nucleation, but little is known about the structural bases of these WASP functions, owing to an incomplete understanding of how WASP binds Arp2/3 complex. Recent data show WASP binds two sites, and biochemical and structural studies led to models in which the WASP C segment engages the barbed ends of the Arp3 and Arp2 subunits while the WASP A segment binds the back side of the complex on Arp3. However, electron microscopy reconstructions showed density for WASP inconsistent with these models on the opposite (front) side of Arp2/3 complex. Here we use chemical cross-linking and mass spectrometry (XL-MS) along with computational docking and structure-based mutational analysis to map the two WASP binding sites on the complex. Our data corroborate the barbed end and back side binding models and show one WASP binding site on Arp3, on the back side of the complex, and a second site on the bottom of the complex, spanning Arp2 and ARPC1. The XL-MSidentified cross-links rule out the front side binding model and show that the A segment of WASP binds along the bottom side of the ARPC1 subunit, instead of at the Arp2/ARPC1 interface, as suggested by FRET experiments. The identified binding sites support the Arp3 tail release model to explain WASP-mediated activating conformational changes in Arp2/3 complex and provide insight into the roles of WASP in branching nucleation.
actin | Arp2/3 complex | wasp | cross-linking A rp2/3 complex is a seven-subunit, ∼225-kD protein assembly that nucleates branched actin filaments important for cellular processes such as motility, endocytosis, and exocytosis (1) (2) (3) . To orchestrate these functions, cells regulate Arp2/3 complex using nucleation-promoting factors, proteins that bind to Arp2/ 3 complex and turn on its nucleation activity (4) . The prototypical and largest class of nucleation-promoting factors are the WASP family proteins, which in mammals includes WASP, N-WASP, WAVE, WHAMM, JMY, and WASH (5) . Distinct WASP family members regulate the activity of Arp2/3 complex to control different cellular processes, and accordingly, the N-terminal portions of different WASP family proteins contain diverse structural features that allow for their discrete regulation (5) (6) (7) .
In contrast to their diverse N termini, all WASP family proteins share a conserved C-terminal feature, the VCA (verprolin homology, central, acidic) motif, which is responsible for activating Arp2/3 complex (8, 9) . Branching nucleation by Arp2/ 3 complex is a complicated reaction with multiple steps, and the WASP VCA segment plays several critical roles during the activation process (10) (11) (12) . First, the V segment (also called WASP-homology 2) of VCA binds to actin monomers, whereas the CA segment directly binds Arp2/3 complex (13, 14) . Thus, engagement of CA with the complex allows WASP to directly recruit actin monomers to the complex through its V segment. It is unclear why WASP must recruit monomers for activation, but biochemical and biophysical evidence suggests WASP-recruited monomers are the first actin subunits incorporated into the nucleated branch (daughter) filament (15, 16) . Second, engagement of VCA with the complex stimulates an activating conformational change in the complex (17) (18) (19) (20) (21) . Specifically, interactions of the complex with WASP-CA cause the two actin-related subunits in the complex, Arp2 and Arp3, to move into a conformation that mimics a short pitch actin dimer within a filament (22) (SI Appendix, Fig. S1 ). Stimulation of the short pitch conformation is required for activation, as small molecules that block this structural change inhibit nucleation (23) . Despite its importance, how WASP binding stimulates the short pitch conformation is not understood. Finally, WASP VCA must coordinate with actin filaments to activate Arp2/3 complex. Specifically, VCA and actin monomerbound Arp2/3 complex must associate with the side of a preexisting filament for WASP to initiate nucleation (24) . This requirement ensures that WASP-mediated Arp2/3 complex activation results exclusively in the production of branched actin filaments. The structural basis by which WASP cooperates with preexisting filaments to initiate nucleation is unknown.
A critical obstacle to understanding these molecular aspects of WASP function is insufficient structural information about how WASP binds Arp2/3 complex. Although it is now clear that the WASP CA segment binds Arp2/3 complex at two sites (25) (26) (27) ), a precise understanding of the binding mode is lacking. Nonspecific Significance Arp2/3 complex is a macromolecular machine that nucleates branched actin filaments in response to cellular signals. WASP family proteins regulate the nucleation activity of Arp2/3 complex, providing a way for cells to assemble branched actin filament networks with the spatiotemporal precision required to orchestrate cellular processes such as cellular motility and endocytosis. Despite its importance, how WASP activates filament nucleation by Arp2/3 complex is still unknown, largely because it has been uncertain how WASP binds to Arp2/ 3 complex. Here we use a combination of biophysical, biochemical, and computational methods to map the binding of WASP to the complex. These results have important implications for understanding how cells regulate the assembly of actin filaments.
cross-linking experiments demonstrated one CA contacts the Arp3 subunit and the second interacts with the Arp2 and ARPC1 subunits, although the ARPC3 and ARPC5 subunits have also been implicated in some experiments (22, 25, 28, 29) . Indirect evidence based on homology and NMR line-broadening experiments suggested the C segment of WASP forms an amphipathic alpha helix that binds the hydrophobic barbed end groove of Arp2 and Arp3 using the same binding mode V uses to bind actin monomers (14, 25-27, 30, 31) (SI Appendix, Fig. S1 ). Distance restraints from FRET experiments supported the barbed end binding mode and suggested WASP binds symmetrically to the two Arp subunits (27) . In this model, WASP A at the Arp2/ARPC1 site binds along the Arp2/ARPC1 interface, instead of along the bottom of ARPC1, as predicted by surface conservation and electrostatic complementarity (25, 32) . Attempts to solve high-resolution crystal structures of WASP CA bound to Arp2/3 complex have had limited success, yielding only a small fragment of electron density for a C-terminal EWE tripeptide in WASP A bound to the backside of the complex on Arp3, and disconnected and ambiguous electron density on the Arp3 and Arp2 barbed ends that may represent an alpha helix in WASP C (26, 33) . Based on these experiments, several groups proposed models for WASP CA binding at the two sites. Many of these models share common features, for example, the WASP C segment engaging the barbed end grooves of Arp2 and Arp3, and the A segment bound to the back of Arp3, as observed in the Ti et al. (26) X-ray structure. However, some experiments have suggested completely different binding sites. For instance, a lowresolution EM reconstruction of negatively stained Arp2/3 complexes shows electron density near the pointed ends of Arp2 and Arp3 on the opposite face of the complex as the proposed barbed end groove binding sites (21) . The lack of complete high-resolution structural data and the existence of apparently irreconcilable observations has precluded a consensus molecular model for WASP binding.
Here we use XL-MS to determine how WASP binds Arp2/ 3 complex. We find that WASP CA binds at two sites: one on the backside of the complex on Arp3 and the second spanning Arp2 and ARPC1 on the bottom of the complex. CA segments from diverse WASP family proteins (WASP, N-WASP, WAVE1, and Las17) bound to these two sites on Bos taurus (Bt) and Saccharomyces cerevisiae (Sc) Arp2/3 complexes, demonstrating the CA binding mode is conserved. The XL-MS binding data support a subset of the previous binding models, including those that place WASP C segments on the barbed ends of Arp2 or Arp3, or A on the back of Arp3, as described by Ti et al. (26) . Importantly, our data are inconsistent with WASP binding to the front side of Arp2/3 complex near the pointed ends of Arp2 and Arp3, as suggested by low-resolution EM reconstructions (21) . Further, our XL-MS experiments show that at the Arp2/ ARPC1 site, WASP A binds ARPC1 on the bottom of the complex instead of along the Arp2/ARPC1 interface (27) . We created 14 mutant Arp2/3 complexes that cause either severe or moderate defects in WASP-binding and support the XL-MSderived binding models. Together, these data provide structural corroboration of a previously proposed Arp3 tail release model and lead to several insights into the mechanism of WASPmediated activation of Arp2/3 complex.
Results
WASP CA Cross-Links to Two Distinct Sites on the Back Side and Bottom of Arp2/3 Complex. To determine where WASP binds Arp2/3 complex, we used protein XL-MS (34) (35) (36) (37) . This method consists of cross-linking proteins in vitro, enzymatically digesting them, and analyzing the resulting peptides using reversed phase liquid chromatography and tandem mass spectrometry (MS/MS). Cross-linked peptides and specific cross-linked residues are identified by computing theoretical product ion masses for candidate peptide sequences and matching them to the observed peaks in the processed MS/MS spectra (34) . We previously validated this method using protein complexes of known structure and found it to produce results in excellent agreement with the published structures (34, 36) . Cross-linking the Las17-VCA segment to the budding yeast Arp2/3 complex with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and bis(sulfosuccinimidyl)suberate (BS3) cross-linkers yielded 91 total links between VCA and ScArp2/3 complex. These crosslinks involved 42 different residues from Arp2/3 complex distributed among five of the seven subunits of the complex (Arp3, Arp2, ARPC1, ARPC2, and ARPC3; Fig. 1A ). Previous data showed that CA, but not the V region of WASP, contacts Arp2/ 3 complex (13, 22, 38) . Therefore, to investigate how WASP binds, we first mapped residues that cross-link with the CA segment of Las17-VCA onto a surface of a homology model of inactive ScArp2/3 complex. We note that cross-links formed between Arp2/3 complex and the CA segment were similar regardless of whether the V region was included in the protein construct, so our work here focuses on WASP constructs that contained the entire VCA segment (SI Appendix, Figs. S2 and S3). Residues that cross-linked to CA were clustered near two sites (Fig. 1B) . One site is on the backside of Arp3, and the second is on the bottom of the complex spanning Arp2 and ARPC1. The backside of Arp2/3 complex includes surfaces near or contacting the pointed ends of daughter filaments/branches in EM reconstructions of the branch junction ( Fig. 1 B and C) (39) . The bottom side of the complex includes the barbed end of Arp2, which also contacts the daughter filament pointed end, and one side of the β-propeller domain of ARPC1 ( Fig. 1 B and C) . No residues that cross-linked to CA mapped to the front of the complex, the side that contacts actin filaments in branch junction reconstructions (39) . These data are consistent with a model in which the CA segments specifically engage two sites on the back on bottom sides of the complex.
Unlike CA, the V region of WASP does not bind to Arp2/ 3 complex (13, 22, 38) . Therefore, we reasoned that CA may flexibly tether V to the complex, allowing cross-links to capture transient collisions of V with Arp2/3 complex surface residues. To address this possibility, we compared the cross-linking pattern of residues from the V versus CA segments in Las17. In general, residues from the V segment and the linker between V and C formed more cross-links to Arp2/3 complex than CA residues (SI Appendix, Fig. S4 ). Arp2/3 complex residues that cross-linked to V were widely distributed across the back and bottom side of Arp2/3 complex. Single residues from the V segment or the V-C linker that cross-linked to multiple sites reacted with distant residues spread across the back and bottom surface of the complex (SI Appendix, Fig. S4 ). In contrast, single residues from the C and A segment that cross-linked to multiple sites were clustered on the back of Arp3 or on the bottom/back of the complex near Arp2 and ARPC1. These observations support a model in which the V segment is flexibly tethered to Arp2/ 3 complex in an orientation that exposes it to the backside and bottom of the complex, while the CA segments specifically engage two sites. In general, these data are consistent with previous experiments that identified which Arp2/3 complex subunits can be cross-linked to WASP (25, 28, 29, 38, (40) (41) (42) . However, our data indicate that V makes multiple cross-links even though it does not interact with the complex, so previous experiments that used the full VCA segment and nonspecific cross-linkers likely identified subunits that can be accessed by the floppy V segment but do not bind WASP (29, 41, 42) .
The VCA segment is conserved in all WASP family proteins, and where tested, WASP family proteins show cross-species reactivity (13, 22, 30, 43) (SI Appendix, Fig. S5 ). These observations indicate that WASP binding sites on Arp2/3 complex are conserved. To test this, we repeated the XL-MS mapping experiments using N-WASP-VCA, WAVE1-VCA, or WASP-VCA and BtArp2/ 3 complex. As expected, cross-links made by the V-segment of the mammalian WASP-VCA fragments were spread across the back and bottom sides of the complex on all subunits, whereas cross-links to CA clustered to the same two sites on the complex as Las17 CA ( Fig. 1D and SI Appendix, Fig. S5 ). Therefore, the XL-MS data support a model in which diverse WASP family proteins share two common binding sites on the surface of Arp2/3 complex.
Arp2/ARPC1 Site: WASP A Binds near β-Propellers 3 and 4 in ARPC1; C Binds Near the Barbed End of Arp2. To better understand how WASP engages Arp2/3 complex at each site, we used cross-links as restraints to dock CA. To accomplish this, we used a modified simulated annealing protocol in the X-ray and NMR refinement program CNS (44) . Briefly, WASP CA segments were modeled as extended random coils and randomly positioned ∼90 Å from the surface of Arp2/3 complex. The conformation of CA was randomized by a short molecular dynamics run before turning on the cross-linking restraints and initiating docking through simulated annealing. Every docking run consisted of 300 trials, each with a different starting conformation. Our analysis of docking at the Arp2/ARPC1 site showed that all low-energy docked models placed the A segment near β-propellers 3 and 4 of ARPC1 ( Fig.  2 and SI Appendix, Fig. S6 ). Fig. 2B shows an ensemble consisting of the lowest-energy (best 30 of 300 docking trials) structures of Las17-CA docked to ScArp2/3 complex. The restraints from the XL-MS datasets place the Las17 A motif close to β4C-β4D loop and strands C and D in β-propeller 3 ( Fig. 2B and SI Appendix, Fig. S6 ). The docked ensemble does not converge to one conformation. We expect this is because the XL-MS-identified cross-links are not numerous enough and occur over distance ranges too broad to limit the bound CA to a single low-energy conformation (36) . To determine whether mammalian WASP A segments bind similarly, we compared the Las17-CA ensemble with the low-energy models of N-WASP, WASP, and WAVE1-CA docked to BtArp2/3 complex ( Fig. 2 B-E). This analysis shows that each A segment binds near the β3 and β4 propellers of ARPC1, but reveals differences between the lowest-energy positions for the different activators. For instance, both Las17 A and WAVE A lay across strands C and D in propeller 3 and the loop between β4C and β4D, but with distinct trajectories (Fig. 2 B-E and SI Appendix, Fig. S6 ). It is currently unclear whether these differences reflect subtle variations in the binding modes of different WASP family proteins, or whether they result from limitations in the precision of XL-MS-guided docking. Nonetheless, these data indicate that overall, each A segment docks near β propellers 3 and 4 in ARPC1 on the bottom face of Arp2/3 complex.
The docked positions of the C segments at the Arp2/ARPC1 site were also consistent among multiple WASP family proteins. In each case, the C segment engaged the complex at or near the barbed end of Arp2 (Fig. 2 B-E and SI Appendix, Fig. S6 ). For instance, three residues in N-WASP-C (E473, K477, and K480) form five crosslinks to three different residues on the barbed end of Arp2, resulting in an ensemble in which residues 474-482 are restrained in a position near the Arp2 barbed end ( Fig. 2D and SI Appendix, Fig. S6 ). Similarly, two residues in WAVE-C make a total of eight cross-links to three residues on the Arp2 barbed end and three residues on the surface of ARPC1 nearest the Arp2 barbed end (Fig. 2E) . These cross-links hold WAVE C near the barbed end of Arp2 in the docked ensemble. The C segment of Las17 is an exception, and did not dock in a consistent conformation because it forms only two cross-links to the complex (Fig. 2B) . However, several of the low-energy docked conformations show the Las17 C segment projecting toward the Arp2 barbed end (Fig. 2B) . Importantly, both the C and A segments from all WASP family proteins docked near surfaces at the Arp2/ARPC1 site that are conserved (SI Appendix, Fig. S7 ) (32) . Further, the A segments dock to a basic patch that can make favorable electrostatic interactions with the acidic residues in A (SI Appendix, Fig. S7 ).
Arp3 Site: CA Binds the Back Side of Arp3, with C Near the Barbed End Groove and A Near Subdomains 3 and 4. To understand how CA binds Arp3, we docked CA to the Arp3 site using the procedure described earlier. In general, the ensemble of low-energy models showed that each WASP C segment binds the back side of Arp3, projecting from the barbed to the pointed end of Arp3 going from the N′ to C′ terminus of CA (Fig. 3 ). The precise trajectory of each C segment is distinct, owing to different sets of crosslinks with C. The C-terminal portion of the Las17 C segment formed eight cross-links that docked it near the Arp3 barbed end and the subdomain 1-3 interface (Fig. 3C) . The other WASP family proteins generally docked similarly, but in some cases the C segments cross-linked to sites on Arp2/3 complex that could not be simultaneously satisfied (Fig. 3 D and E) . We suspect that in some bound CA states, A engages Arp3 and C remains flexibly tethered, and so can cross-link to distant sites. This interpretation is consistent with previous data showing that A provides most of the binding energy for the WASP-CA:Arp2/3 complex interaction (13).
The A segments from the four WASP family proteins crosslinked to the back side of Arp3 (Fig. 3) . As with the C segment, docked WASP A showed conformational differences that probably reflect limitations in the precision of the method rather than distinct binding modes of the different WASP family proteins. For instance, the A region of N-WASP docks in two modes: one similar to Las17, WASP, and WAVE, as described earlier, and another in a reversed orientation in which the C region is near ARPC3 (Fig. 3D) . The reverse-docked orientation likely results from the influence of low-occurrence cross-links that occur between the complex and conformationally disperse segments of N-WASP-C, as described earlier. Despite their differences, each docked ensemble positions A on the back side of Arp3 near subdomains 3 and/or 4. Importantly, in this position, the A segments are near a conserved basic patch of residues that could make favorable electrostatic interactions with acidic residues in A (SI Appendix, Fig. S7 ).
Mutations at the Predicted Arp3 or Arp2/ARPC1 Binding Sites Influence WASP Binding. To test the XL-MS-derived binding models, we designed 21 mutant Arp2/3 complexes with single or double mutations in Arp3, Arp2, or ARPC1. Mutant complex subunits were expressed under their native promoters in budding yeast strains lacking the wild-type subunit (SI Appendix, Table S2 ). To determine whether the mutations influenced binding to WASP, we pulled down Arp2/3 complexes from lysate using GST-tagged N-WASP-VCA (SI Appendix, Fig. S8 ). Of the nine Arp3 subunit mutants, three showed severe binding defects [fraction bound < 0.17 when (GST − VCA) total = 95 nM], three caused moderate defects [fraction bound < 0.3 when (GST − VCA) total = 95 nM], and three had no effect (Fig. 4A) . To quantify the approximate reduction in binding affinity, we pulled down Arp2/3 complex from lysates with a range of concentrations of GST-N-WASP-VCA. We found that wild-type Arp2/3 complex bound GST-N-WASP-VCA with an apparent affinity of 120 ± 30 nM (Fig. 4B) . The Arp3(R199D) mutant, which showed a moderate defect in binding, showed a fivefold reduction in apparent affinity compared with wild-type Arp2/3 complex (K D,apparent = 0.6 ± 0.1 μM; Fig. 4B ). We could not saturate binding with the Arp3(R371D) mutant, which showed severe binding defects relative to the other mutations. However, based on the incomplete binding isotherm, we estimate the affinity of GST-N-WASP-VCA for this mutant is 70-fold weaker than for the wild-type complex. We note that GST-N-WASP-VCA forms a dimer that binds tightly to Arp2/3 complex because it simultaneously engages both CA sites (25) . Therefore, it is unclear in our assays whether binding of the most defective Arp3 mutants results solely from engagement at the Arp2/ARPC1 site or whether there is also some residual affinity for the Arp3 site. Further, we note the binding affinity measured from lysate could be affected by the influence of other factors (e.g., the presence of actin), and so should be taken as a relative or apparent value. The mutations in Arp3 that caused the most severe reductions in WASP binding are basic residues near the junction of subdomains 3 and 4 on the back of Arp3 (Fig. 4 C and D) . These data are consistent with the binding mode suggested by the XL-MS data (Fig. 3) . The severe binding defect of the R371D mutation in particular is consistent with the placement of the C terminus of A at the subdomain 3/4 interface, as predicted by Ti et al. (26) . However, mutation of P271 (in the Y268A/P271A mutant), which interacts extensively with the conserved tryptophan in the WASP A segment from the Ti structure (26), did not significantly decrease CA binding. Several mutations that moderately influenced WASP binding were clustered in the αD/ β9 loop, an insertion of eight residues in Arp3 relative to actin (SI Appendix, Fig. S9 ). Importantly, the αD/β9 loop residues are near the WASP C segments docked by the XL-MS data, and so support the C binding model. For instance, W191 lines the barbed end groove of Arp3 and contributes to the hydrophobicity of this surface, and thus could interact with the hydrophobic face of the amphipathic C helix (30) (Fig. 4D) . Mutations that had no effect on WASP binding were immediately adjacent to these deleterious mutations, and may mark the outer edges of the binding surfaces (Fig. 4 C and D) .
Mutations in the Arp2/ARPC1 binding site were also consistent with the XL-MS data. Deleterious mutations included both charge reversal and large hydrophobic to alanine mutations, indicating both electrostatic and hydrophobic surfaces contribute to WASP binding at this site (Fig. 5) . Residues from APRC1 β propellers 3 and 4 were important for binding, supporting the placement of WASP A on this surface in the docked models (Fig.  5 B-D) . In Arp2, mutation of two residues in helix αD [Arp2(V142A, Y146A)] caused a severe defect in binding N-WASP-VCA (Fig. 5A) . These residues line the barbed end groove of Arp2, so these results support the hypothesis that WASP binds the Arp2 barbed end groove (Fig. 5 B-D) . Mutations of basic residues on the bottom of subdomain 3 of Arp2 [Arp2(K298D), Arp2(K338D, K340D), and Arp2(R342D)] also show severe reductions in N-WASP binding (Fig. 5 A-C) . These residues are near the A docking site from the XL-MS data and, together with the ARPC1 mutational data, support a model in which acidic residues from the A region contact both Arp2 and ARPC1 (Figs. 2 and 5 B-D) .
Comparison of XL-MS-Derived Models to Previous Models for CA
Binding. We next compared the XL-MS-derived models with those previously proposed for CA binding (Fig. 6 A-C) , focusing first on the Arp2/ARPC1 site. Label transfer experiments, NMR line-broadening, low-resolution X-ray crystal structures, homology modeling, and subunit-resolved cross-linking led to a model in which the C segment forms a short alpha helix that engages the barbed end groove of Arp2 and the A segment binds ARPC1 (25, 26, (28) (29) (30) 33) (Fig. 6A) . Based on conservation of surface charge, multiple groups proposed that A binds along the bottom edge of ARPC1 near β propellers 3 and 4, consistent with the XL-MS models (SI Appendix, Fig. S1 ) (25, 32) . In contrast, timeresolved fluorescence decay measurements of FRET-labeled donor-acceptor pairs on VCA supported a model in which A binds along the Arp2-ARPC1 interface on the front side of the complex (27) . In this model, which we refer to as the Arp2 front side model, A contacts both ARPC1 and Arp2 and terminates on the front side of Arp2 near the pointed end (27) (Fig. 6A) . To quantitatively compare this model with the XL-MS datasets, we asked how many cross-links were satisfied with WASP CA bound according to the Arp2 front side model. We found that in this conformation, most cross-links to the C region were satisfied, so the XL-MS data support the idea that the C region docks to the Arp2 barbed end, as previously proposed (14, 25-27, 30, 31) (Fig.  6 A and D) . Further, the cross-links are compatible with the Cregion forming a helix, although they do not rule out other possible conformations (Fig. 2) . In contrast to the C region, none of the cross-links between WASP A and the complex were satisfied, so the XL-MS data argue against A binding along the front face of Arp2 in the ARPC1/Arp2 crease ( Fig. 6 A and D) . Importantly, we note that the FRET measurements that place A in the ARPC1/Arp2 crease were made with actin monomers bound to WASP (27) . It is possible WASP-recruited actin monomers cause A to switch to a binding site on the front of the complex, explaining the apparent discrepancy in these results. At the Arp3 site, WASP C was proposed to form an amphipathic alpha helix that binds the barbed end of Arp3, with the A segment binding along the back side of Arp3, terminating at the subdomain 3/4 interface (Fig. 6B) . Evidence for this model, which we refer to as the Arp3 back side binding model, was derived from experiments that support the Arp2 front side binding model, described earlier (22, (25) (26) (27) (28) (29) (30) 33) . The Arp3 back side binding model is also supported by a crystal structure showing electron density attributed to three residues of WASP A at the interface between subdomains 3 and 4 on Arp3 (26) and NMR data showing the A segment binds near the ARPC3 subunit (40) . Further, electron density consistent with an alpha helix was observed near the Arp3 barbed end groove in a low-resolution crystal structure (33) . When we analyzed the Arp3 backside binding model in the context of the XL-MS data, we found that most of the cross-links to A were satisfied (37 of 45 total across the eight datasets in SI Appendix, Table S1 ). This suggests the placement of A in the Arp3 backside binding model is in general agreement with the XL-MS data (Fig. 6 B and E) . The placement of C in this model was less consistent with the XL-MS data, with 15 of 22 cross-links to C satisfied across all datasets. Although C made several cross-links that placed it near the barbed end of Arp3, it also cross-linked to distant sites on the complex, so no conformation could simultaneously satisfy all cross-links (Fig. 3) . As mentioned earlier, we speculate these cross-linking patterns may arise from CA bound states in which the A is engaged but the C segment is flexibly tethered, allowing it to cross-link to distant sites. Therefore, we conclude the XL-MS data are generally consistent with the Arp3 back side binding model, as they place A on the back side of Arp3 near the interface of subdomains 3 and 4, as predicted by Ti et al. (26) , and C on the back side of Arp3 near its barbed end.
Finally, we assessed the cross-linking data in the context of a model for WASP binding derived from a 20-Å 3D reconstruction of negatively stained WASP-bound Arp2/3 complexes (21). These reconstructions showed electron density attributed to WASP on the front side of the complex, across the pointed ends of Arp2 and Arp3 (Fig. 6C) . This model, which we refer to as the pointed end binding model, is qualitatively inconsistent with the XL-MS data because, as noted earlier, CA cross-links only to the back side and bottom of the complex, not the front side ( Fig.  1 B and D) . Measurements of the cross-linking distances support this assessment, as only 2 of 67 cross-links between CA segments and the Arp3 site and none of the 51 cross-links between CA segments and the Arp2/ARPC1 site (across the eight datasets, see SI Appendix, Table S1 ) are satisfied by the pointed end binding model (Fig. 6E) . Therefore, the XL-MS data do not support the pointed end binding model (21) . Although we cannot currently explain the observed density in the EM maps, one possibility is that it represents the long insert (β4/β5 insert) at the pointed end of Arp3 in subdomain 2, which is disordered in crystal structures (45, 46) . Because the EM density is in a position that would block Arp2/3 complex from binding filaments, this interpretation is consistent with mutational studies showing removal of the Arp3 β4/β5 insert increases the binding affinity of Arp2/3 complex for filaments (47) .
Discussion WASP C Interactions May Rely on Multiple Structural Mechanisms to
Trigger the Short Pitch Conformation. The XL-MS data and mutational analysis, together with previous biochemical and lowresolution structural data, allowed us to construct a consensus model for binding at each site (Fig. 7A ). In this model, the WASP C segment binds the barbed end of each Arp subunit, forming an amphipathic helix that inserts into the barbed end groove (25) (26) (27) 31) . The barbed end grooves of actin and actinrelated proteins are hotspots for protein-protein interactions (48) , and previous experiments show the Arp3 barbed end groove is allosterically linked to the overall conformation of the Arp3 subunit (46, 49, 50) . In addition, mutational analysis demonstrated the importance of specific residues in WASP C for stimulating the short pitch conformation (22) . Therefore, engagement of WASP C with the barbed end grooves could change the overall conformation of the Arps to influence intersubunit contacts in either the short pitch or splayed conformations of the complex (Fig. 7B) . In addition, in the inactive apo state of Arp3, the Arp3 C-terminal tail fills the barbed end groove of Arp3 (Fig.   7 ) (45, 46, 49) . We recently showed that the Arp3 C terminus helps lock Arp2/3 complex into an autoinhibited conformation by stabilizing the Arp2-Arp3 splayed (inactive) interface (49) . WASP competes with the Arp3 C-terminal tail for binding to the complex, suggesting engagement of WASP with the Arp3 barbed end groove may displace the Arp3 tail to destabilize the splayed conformation and activate the complex (Fig. 7B) . The XL-MSderived models corroborate this Arp3 tail release activation mechanism. However, this mechanism cannot fully explain activation, as simultaneous engagement at both CA binding sites is required to maximally stimulate the short pitch conformation (22) . We anticipate the XL-MS-derived model will provide an important foundation for understanding the role of WASP engagement at the Arp2/ARPC1 site. Sites. To nucleate a branch, WASP-bound Arp2/3 complex must associate with a preexisting actin filament (24, 51) . Although the role of actin filaments in activation is unknown, total internal reflection fluorescence microscopy studies indicate WASP must release from the nascent branch junction before nucleation can occur (52) , so one possibility is that binding to actin filaments stimulates productive WASP release. No data directly address this issue, but one study reported that filaments can decrease the binding affinity of WASP for Arp2/3 complex, depending on which site or sites WASP binds, suggesting filaments could stimulate WASP release (26) . The EM-based WASP binding model supported this hypothesis, as it shows WASP bound to the pointed ends of Arp2 and Arp3, where it would directly block filaments from interacting with Arp2/3 complex (21, 39) . However, we show here that neither of the two WASP binding sites overlaps with filament binding surfaces on Arp2/3 complex (SI Appendix, Fig. S10) . Therefore, the influence of actin filaments on bound WASP must be allosteric. Identifying the allosteric link between the filament binding and WASP binding surfaces will be important in understanding how WASP and filaments cooperate to activate the complex.
WASP CA Is Positioned to Deliver Actin Monomers to the Barbed Ends of Arp3 and Arp2. To activate nucleation, WASP must also bind actin monomers and tether them to Arp2/3 complex. Why WASP must recruit monomers is poorly understood, but we recently showed that WASP-recruited monomers potently stimulate movement of the complex into the short pitch conformation (22, 23) . In addition, small-angle X-ray scattering and EM data suggest that WASP delivers monomers to the barbed ends of Arp2 and Arp3 (16, 39) , where they can serve as the first two subunits for the nucleated daughter filament. Our XL-MS docked WASP-CA binding models, similar to several previously proposed models, place WASP C at the barbed ends of Arp2 or Arp3 (16, (25) (26) (27) . In this position, V projects from the bottom and back sides of the complex, consistent with our observation that cross-links to V cluster on the back and bottom sides of the complex, but not the front (SI Appendix, Fig. S10 ). This positions V to deliver monomers to the barbed ends of Arp2 and Arp3, where they could serve as the first subunits in the new filament. In addition, monomer delivery at this site could explain how recruited monomers stimulate the short pitch conformation. Specifically, in the splayed conformation of Arp2/ 3 complex, Arp2 blocks monomers from binding the barbed end of Arp3. Therefore, monomers delivered to the Arp3 barbed end by Arp3-bound VCA could block adoption of the splayed conformation, creating a molecular wedge that locks the complex in the short pitch conformation (16, 25) . In contrast, in the EMderived binding model, VCA at the front side of the complex cannot deliver monomers to the barbed ends of Arp2 and Arp3, making it difficult to explain how WASP recruited monomers could contribute to activation (21) (SI Appendix, Fig. S10 ).
Materials and Methods
Please see SI Appendix for a complete description of the methods. This description includes construction of budding yeast plasmids and strains harboring Arp2/3 complex mutations, protein purification, pyrene actin polymerization assays, chemical cross-linking, MS analysis, binding assays, and computational docking.
